Micromagnetic analysis using a finite-element technique confirms that intergrain magnetostatic and exchange interactions drastically affect the magnetization reversal mechanism in nucleation controlled permanent magnets. The investigation of the nucleation fields of magnetically coupled grains emphasizes the important role of nonmagnetic boundary phases and well-aligned grains for the enhancement of coercivity. The long-range magnetostatic interactions between the grains reduce the coercive field of ideally oriented particles. The exchange coupling of misoriented neighboring grains causes a strongly inhomogeneous magnetic state near the interface of the particles which favors the nuc.leation of reversed domains. Intergrain exchange interactions considerably reduce the coercive field, especially if the angle between the easy axes of adjacent grains is high. An algorithm for adaptive mesh refinement controls the discretization error throughout the calculation of the demagnetization curves.
INTRODUCTION
The coercivity of technical permanent magnets approaches only 20%-40% of the theoretical nucleation fields derived from micromagnetic theory as developed by Brown' and Stoner and Wohlfarth.2 The discrepancy between the experimental and the theoretical values for the nucleation field is generally attributed to the microstructure of permanent magnets.3
Previous articles4*5 dealmg with the nucleation of reversed domains show that magnetic inhomogeneities reduce the c0ercivit.y of Nd2Fe14B magnets considerably. Recently intergrain int.eractions were found to be an additional factor reducing the nucleation field. Fukunaga and Inoue6 investigated intergrain exchange and magnetostatic interactions in isotropic Nd,Fe,,B magnets. The exchange interaction between the grains reduces the coercive field considerably if the grain size is sufficiently small (Q 50 nm) . Hernando, Navarro, and Gonzales7 presented a one-dimensional micromagnetic model for the investigation of intergrain exchange coupling. The formation of a domain-wall-like magnetization distribution at the interfaces of exchange coupled grains leads to a significant reduction of the nucleation field.
In this study the intemctions of two hard magnetic grains of hexagonal cross section have been numerically investigated using a finite-element technique. The surfaces of the grains have been assumed to be magnetically perfect without any inhomogeneities. The demagnetization curves of interacting grains wit.h various degrees of alignment have been calculated for Nd2Fer4B and SmCos magnets.
Il. SIMULATION MODEL
The minimization of the total Gibbs free energy with respect to the spontaneous magnetic polarization J, subject to the constraint 1 J, I= J,, provides a stable equilibrium state of a magnetic structure. The total magnetic free enthalpy & can be written in the form hdJs~r)l=.ff~~~~~ sin'p(r) +Kz sin4 p(r) +Af.V,pk) 12-b= J,W
where Kr, K2 are the anisotropy constants, A is the exchange constant, p is the angle of the spontaneous magnetic polarization J, with respect to the easy axis, and hext is the external field. The requirement that the first variation vanishes leads to the two-dimensional micromagnetic equation for uniaxial magnetic particles. In numerical micromagnetic calculations the inhomogeneous equilibrium states of t.he spontaneous magnetic polarization J, and the demagnetizing field I-r, lead to significant discretization errors.' Since the magnetization states vary during the calculation of the demagnetization curve, a refinement scheme has to adapt the finite-element mesh according to the requirements of the current magnetization state. A refinement technique used in a general purpose electric or magnetic analysis code" has been extended to micromagnetic applications. ' ' Convergence tests showed that the nucleation field can be calculated with a relative accuracy of about 5%.
HI. PARTICLE CONFIGURATIONS
The particle systems used for the simulation are shown in Fig. 1 . The particles of 5 pm diameter have hexagonal cross sLy:fion. The isolated grain of case A provides reference calculations. The ideally oriented particles of case B and the misaligned grains of case C are coupled by exchange and magnetostatic interactions. The angle 13 between the easy axes of neighboring grains denotes the degree of alignment. The external field points antiparallel to one easy axis. For the calculations the material parameters of the Nd,Fe,,B phase (-4=7.7X IO--" J/m, J,v=I.Sl T, Ii', .3 x 10h J/m", K2= 0.65 X 10h J/m") and SmCos (A =12.0~10- '" J/m, J,=1.06 T, KI=17.1X106 J/m") at 'I'=300 K were taken from Hock '" and Kiitterer, Hilzinger, and Kronmiiller,*" respectively.
The finite-element calculations provide the demagnetizing field at each point of the magnetic particles. As shown in Fig. 1 , large demagnetizing fields were found at the corners and at the interface of the particles.
The demagnetization curses, given in Fig. 2 , characterize the magnetic properties of the different configurations. The comparison of the numerically calculated demagnetization curves reveals the effects that cause a reduction of th& coercive field. The dashed curve represents the demagnetization curve of two noninteracting misori- ented grains, obtained with conventional StonerWohlfarth theory.
(i) The numerically calculated demagnetization curves for the isolated grains (A) have r&angular shape as obtained for ellipsoidal particles. However, in Nd,Fe,,B magnets the demagnetizing field reduces the coercive field considerably with respect to the ideal nucleation field of Hp'=2K,/.r,.
(ii) A similar behavior holds for the ideally oriented particles (R) . The long-range magnetostatic interactions between the grains cause a further reduction of the coercive field with respect to the coercivity of an isolated grain. Strong demagnetizing fields initiate magnetization reversal at the interface of the particles. Owing to the remarkably smaller value of the spontaneous magnetic polarization, the effect of internal stray fields is less significant in SmCos than m Nd2Fe,,B magnets.
(iii) The demagnetization curve obtained for two noninteracting Stoner-Wohlfarth particles shows a step at the nucleation field of the misaligned grain. This step vanishes if the misaligned grains are magnetically coupled (C). The entire sample becomes demagnetized at an external field that is considerably smaller than the nucleation field of the misaligned grain. Intergrain exchange coupling provides an additional reduction of the nucleation field. The following section describes the results obtained for configuration C in more detail.
IV. NUCLEATION AT GRAIN BOUNDARIES OF MISALIGNED GRAINS
If misorientcd grains are not separated by a nonmagnetic layer phase, the torque provided by the exchange interaction and the demagnetizing field force the spontaneous magnetic polarization to rotate out of its easy axes near the interface of the particles. The magnetization pattern of Fig. 3 shows the strongly inhomogeneous magnetic state at the boundary within the two neighboring grains. In the very same region magnetization reversal is initiated. If the strongly inhomogeneous magnetic state becomes unstable, the spontaneous magnetic polarization reverses its orientation in the entire sample. Figure 4 shows the nucleation field of two misaligned grains coupled by magnetostatic and exchange interactions as a function of the angle 0 between the easy axes. In contrast to conventional StonerWohlfarth theory, the nucleation fleld of magnetically coupled grains does not show a significant increase for large misalignment (45"<8<90").
V. CONCLUSION
Numerical micromagnetic calculations show that interparticle interaction drastically affects the coercive field of nucleation controlled permanent magnets:
The long-range magnetostatic interactions between the grains considerably reduces the coercive field of ideally oriented particles with respect to the coercivity of an isolated grain; the exchange coupling of misaligned grains causes a further reduction of the coercive field, and low values of coercive field ( --,30%-40% of the ideal nucleation field I??' = 2K,/J,) are found if the angle between the easy axes of adjacent grains is high; the numerical simulation of the magnetization reversal process in Nd?Fe,,B and SmCos magnets confirms the nucleation of reversed domains at the interface of neighboring grains coupled by magnetostatic and exchange interactions.
